The correlation between the kinetic power P jet and intrinsic bolometric luminosity L jet of jets may reveal the underlying jet physics in various black hole systems. Based on the recent work by Nemmen et al. (2012) , we re-investigate this correlation with additional sources of black hole X-ray binaries (BXBs) in hard/quiescent states and low-luminosity active galactic nuclei (LLAGNs). The new sample includes 29 sets of data from 7 BXBs and 20 LLAGNs, with P jet and L jet being derived from spectral modeling of the quasi-simultaneous multi-band spectra under the accretion-jet scenario. Compared to previous works, the range of luminosity is now enlarged to more than 20 decades, i.e. from ∼ 10 31 erg s −1 to ∼ 10 52 erg s −1 , which allows for better constraining of the correlation. One notable result is that the jets in BXBs and LLAGNs almost follow the same P jet − L jet correlation that was obtained from blazars and gamma-ray bursts (GRBs). The slope indices we derived are 1.03 ± 0.01 for the whole sample, 0.85 ± 0.06 for the BXB subsample, 0.71 ± 0.11 for the LLAGN subsample, and 1.01 ± 0.05 for the LLAGN-blazar subsample, respectively. The correlation index around unit implies the independence of jet efficiency on the luminosity or kinetic power. Our results may further support the hypothesis that similar physical processes exist in the jets of various black hole systems.
INTRODUCTION
Powerful, highly collimated jets are common in various astrophysical black hole systems, e.g. BXBs, GRBs and active galactic nuclei (AGNs). These jets originate from the vicinity of black holes-presumably from the innermost accretion disks or the central black holes, and propagate a long distance before interacting with the circumambient medium. The jets are still an enigma and play important roles in astrophysics, for example, in AGN feedback (Fabian 2012) .
Although the jets in AGNs and GRBs are diverse in their bulk velocities, mass loss ratesṀ jet , and spectra etc., they are believed to have the same nature (e.g. Mirabel 2010) . A recent work by Wang & Wei (2011) showed that GRB afterglows and blazars have a similar relation between the radio luminosity and spectral slope in radio to optical bands. Wu et al. (2011b) pointed out that the luminosity and Doppler factor are correlated in a unified form for GRBs and blazars. Very recently, Nemmen et al. (2012, hereafter N12) studied a sample of 234 blazars and 54 GRBs with relatively good constraints on both jet kinetic power and intrinsic jet bolometric luminosity 4 , and discovered a tight correlation, P jet ≈ 4.6 × 10 47 (L jet /10 47 erg s −1 ) 0.98 erg s −1 . Zhang et al. (2013) found a tighter relation between the jet power and intrinsic synchrotron peak luminosity by systematically modeling the spectral energy distributions for blazars and -ray narrow-line Seyfert 1s, but the slope is changed to 0.79 ±0.01.
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An interesting question is whether the jets in BXBs and
LLAGNs also follow the correlation of N12, or in other words, are jets in BXBs and LLAGNs similar to those in blazars and GRBs? However, this is not an easy question to answer because of the great difficulties in measuring the kinetic power and intrinsic luminosity of jets in these sources.
For AGNs, different methods have been postulated to estimate the jet power, such as model-independent measurements of the X-ray cavity or radio bubbles (e.g., Godfrey & Shabala 2013 and references therein) and the empirical relationships between the jet power and quantities such as specific/bolometric radio luminosity, strength of line emission, and Bondi rate, etc. (Falle 1991; Kaiser et al. 1997; Willott et al. 1999; Allen et al. 2006; Gu et al. 2009; Wu et al. 2011a) . But for BXBs, only very few sources have been resolved with cavities (Gallo et al. 2005; Hao & Zhang 2009) , and the jet power is poorly constrained.
Moreover, the intrinsic luminosity of jets in BXBs and LLAGNs are also hard to constrain. Unlike GRBs and blazars, in which the radiation is dominated by jets due to beaming effects, BXBs and LLAGNs suffer contamination from the emission of accretion disks.
In this Letter, we try to estimate the jet power and intrinsic luminosity by modeling multi-band spectra. Theoretically, a detailed spectrum can well constrain the physical conditions of the jet, and consequently, the jet power and luminosity. Although this method is model-dependent, the result would be reliable if the model is well-proved. Here we use the coupled accretion-jet model (Yuan, Cui & Narayan 2005) to fit the quasi-simultaneous multi-band spectra of LLAGNs and BXBs in hard/quiescent states, and then calculate the jet power and luminosity. Our method is the same to Zhang et al. (2013) except the different model. This Letter is organized as follows. In Section 2 the coupled accretion jet model is briefly described, focusing on the jet model we adopted. The sample is introduced in Section 3, and the main results are given in Section 4. A short discussion and summary are given in Sections 5 and 6, respectively.
ACCRETION-JET MODEL FOR BXBS AND LLAGNS
Only a brief description of the coupled accretion-jet model is given here, and Yuan, Cui & Narayan (2005, hereafter Y05 ) is referred for details. This model includes three components, i.e., a standard thin disk which is truncated at a certain radius, a hot accretion flow within such a radius, and a relativistic jet. For the hot accretion flow, we take into account the advances in our understanding over the past decade, namely, the existence of outflow and the viscous heating to electrons (see Xie & Yuan 2012 and references therein). Roughly speaking, the thin disk, the hot accretion flow, and the jet mainly contribute to the radiation in the infrared-ultraviolet, X-ray, and radio bands, respectively. The jet may dominate the X-ray emission when the source is extremely faint .
This model provides a comprehensive explanation for the broadband spectra of LLAGNs and BXBs in hard/quiescent states (see Yuan 2007 for a review), and the timing features observed in the BXB system of XTE J1118+480 (Y05). In addition to the standard correlation between radio and X-ray luminosity, the model predicts that the radio/X-ray correlation steepens when the X-ray luminosity is lower than a critical value , which has been confirmed by observations of LLAGNs (Pellegrini et al. 2007; Wrobel et al. 2008; de Gasperin et al. 2011; Yuan, Yu & Ho 2009 ). These successes provide confidence on the jet power and intrinsic luminosity we derive.
Jet Model
Since the power and luminosity of jets are the focus of this work, we provide a little more description of the jet model as follows. Our jet model is phenomenological without considering the driving process. The jet is composed of normal plasma, i.e., electrons and protons. The plasma in the jet moves outward relativistically with the bulk Lorentz factor Γ and half-opening angle θ j = 0.1. Within the jet itself, different shells of the moving plasma are assumed to have different random velocities. When the faster but later shells catch up with the slower and earlier ones, internal shocks occur. From diffusive shock acceleration theory, a fraction (typically 1%) of the thermal electrons will be accelerated into a power law energy distribution. The power law index p e is typically constrained to be 2 < p e < 2.4. Because of the efficient radiative cooling of the most energetic electrons, the steady-state energy distribution of these non-thermal electrons is a broken power law. The index changes to p e + 1 above a certain energy, which can be determined self-consistently. Following the widely adopted approach in the study of GRBs, the energy density of accelerated electrons and amplified magnetic fields are determined by two parameters, ǫ e and ǫ B , which describe the fractions of the shock energy that go into power law electrons and magnetic fields, respectively.
Because of the existence of magnetic fields, the power law electrons will emit synchrotron photons, which dominate in the radio band and possibly in the X-ray band. The jet is assume to be compact and extend to about 10 8 GM/c 2 , which is in the kpc scale for AGNs and the AU scale for BXBs.
Bolometric Luminosity and Bulk Kinetic Power of Jet
Multi-band (from radio up to X-ray) spectra are used to constrain the modeling parameters. The contribution of the jet, the hot accretion flow, and the thin disk can be separated by spectral modeling, as well as the parameters, such as the bulk Lorentz factor Γ, the viewing angle of the jet θ, and the mass loss rateṀ jet . The jet power can be obtained as
It should be noted thatṀ jet is defined as Γ times the value in the cited paper. Despite the differences in the definition oḟ M jet , the final jet power is the same (e.g. Pszota et al. 2008) .
As for the intrinsic luminosity, L jet ,which indicates the total luminosity of the jet, it is calculated by integrating the observed intensity over different inclination angles. For GRBs and blazars, the Lorentz factors are large, Γ 10, the beaming effects are significant, and almost all of the jet emission is concentrated in a small cone with a half-opening angle of θ j . In this case, L jet can be simplified as the product of isotropic luminosity and beaming factor 1 − cos θ j , as done in N12. However, for BXBs and LLAGNs, the beaming effects are not significant, and the observed intensity should be integrated over different inclination angles. It is difficult to measure Γ from observations, and we simply take the typical value. For jets of BXBs in their hard or quiescent states, previous analyses indicate that the Lorentz factors should be relatively small, i.e. Γ 1.67 (Gallo, Fender, & Pooley 2003) , and we adopt Γ = 1.2. For jets in AGNs, the Lorentz factors have larger scatters, and we adopt the value from the cited paper (see Table 2 for details).
SAMPLE
By searching the literature, sources that have been wellmodeled with the coupled accretion-jet model are collected according to the following criteria. First, the modeling parameter should be reasonable. For example, due to energy conservation, the value of ǫ e and ǫ B cannot be too large. They are also unlikely to be very small, otherwise the radiative efficiency would be too low to be observed. Because ǫ e ∼ √ ǫ B (Medvedev 2006 ) and ǫ e < 1, ǫ B should be less than ǫ e . Considering the uncertainty in diffusive shock acceleration theory, 10 −4 < ǫ e , ǫ B < 0.5, and ǫ B < 10ǫ e are taken. Second, because the radio emission is dominated by jet, the source should have at least two radio data points. This criterion is relaxed in the case when the X-ray spectra can only be explained by a jet model. Third, only the modeling with the most typical parameters is selected if the source has been modeled more than once for a given observation. Finally we collect 7 BXBs and 20 LLAGNs, in total 29 sets of observations and modeling, as shown in Tables 1 and 2 .
In order to reduce the systematic uncertainties of the model, only observations that have been investigated with the same accretion-jet model are included. The jet kinetic power and luminosity are by products of spectral modeling, without considering the P jet − L jet correlation reported by N12.
The distances are taken from the Ho (2009) or calculate from the redshift z with cosmological constants of H 0 = 70 km s −1 Mpc −1 , Ω M = 0.27, Ω Λ = 0.73. Considering that the distances used in previous modeling are a little different, we re-calculate the luminosity and re-model the spectra by slightly adjustingṀ jet . The 1 σ uncertainties of the derived P jet and L jet are taken to be 0.2 dex for BXBs and 0.5 dex for LLAGNs.
4. RESULTS Figure 1 shows the correlation for the whole sample including our new data and those from N12. It can be seen that the Note.
-a the radio flux at 1.4 GHz are taken from NED: http://ned.ipac.caltech.edu. The observations of medium magnitude with uncertainty given are selected, and the references are listed in the last column; b jet kinetic power derived from radio luminosity at 1.4 GHz; c The redshifts are taken from simbad: http://simbad.u-strasbg.fr/simbad/sim-fid, and the luminosity distance of the sources are taken from Ho (2009) .
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The errorbars here and below indicate the 1-σ uncertainties of the fits . Since both LLAGNs and blazars belong to the AGN category and they overlap in the intrinsic luminosity (as shown in Fig. 1) , we fit the LLAGN and blazar subsamples jointly. The fitting result of this AGN sample is, 
We also investigate the correlation for subsamples of blazars and GRBs and the slope indices are found to be p = 0.89 ± 0.05 and 1.11 ± 0.08, respectively. Combining the above results, the slope indices of different subsamples are all ∼ 0.9, which are coherent within error ranges. This supports the hypothesis that the jets in each subsample may share similar physical processes. The whole sample is therefore fitted as
with the Pearson correlation coefficient of 0.95. We note that this correlation is consistent with N12 and agrees with Zhang et al. (2013) within uncertainty. Considering the consistent P jet -L jet correlation, the larger luminosity range is very helpful in accurately determining the correlation index. With the data of the BXBs, the range of luminosity increases from 10 orders of magnitude in N12 to more than 20 orders of magnitude, i.e. from ∼ 10 31 erg s
to ∼ 10 52 erg s −1 . Obviously, further investigation with better constraints on P jet and L jet is needed to better understand the correlation. Although there is a lack of direct evidence, we speculate that this correlation is real and intrinsic. First, the slope of each subsample is consistent with that of the whole sample. Second, differences in distance can not be the cause, since BXBs are all within our Galaxy and follow the same tight correlation. Third, differences in black hole mass can not be responsible for this correlation, since both BXBs and GRBs are stellar systems and follow the same correlation. Fourth, the mass-loss rate of jetṀ jet is still not the cause, sinceṀ jet (in unitṀ Edd ) overlap for our BXB+LLAGN subsample.
This correlation may be partly explained by the jet model (Heinz & Sunyaev 2003) . For compact jet with flat radio spectra in BXBs and LLAGNs, the luminosity is dominated by radio-infrared emission, and the correlation index is about 0.7 (Coriat et al. 2011) , which is roughly consistent with our results.
Calculation of the Jet Power
As mentioned in Section 1, there are many ways to estimate the jet kinetic power for AGNs, of which measurements from X-ray cavities are currently the most reliable (e.g. Bîrzan et al. 2004; Cavagnolo et al. 2010 ). We collect the 1.4 GHz radio data and calculate the jet power with the fitting formula given in Cavagnolo et al. (2010) , as also shown in Table 2 . It can be seen that the results by spectral modeling usually agree well with those from empirical formula. The corresponding P jet − L jet relations for LLAGNs are shown in Figure 2 . The slope is 0.83 ± 0.18 for jet power calculated from radio emission, which is quite similar to our result 0.71 ± 0.11. The similarities show the validity of the spectral modeling method in estimation of jet kinetic power.
Moreover, three of our LLAGNs (NGC 4374, NGC 4486, and NGC 4552) show well-resolved X-ray cavities by Chandra, and their jet power has been derived to be about 5 × 10 42 erg s −1 , 1 × 10 43 erg s −1 , 5 × 10 41 erg s −1 , respectively (Allen et al. 2006; Cavagnolo et al. 2010) . Our jet powers for these three sources agree well with these results. Fig. 2. -Correlation between the jet luminosity and kinetic power. The jet luminosity is derived by modeling the multi-band spectra, while the kinetic power is derived from the spectral modeling (red solid circle) and radio luminosity at 1.4 GHz (blue triangle). The red solid and blue dashed lines are the corresponding linear fit to the circles and triangles, respectively.
Radiative Efficiency of the Jet
As shown in Figure 3 , we investigate the radiative efficiency of the jet, which is estimated as (N12; Zhang et al. 2007 )
Here L jet + P jet is the total power, ignoring the power accelerating non-thermal protons. Substitute Equation 5, the "averaged" radiative efficiency of jets can be written as
From this equation, it can be seen that the efficiency is almost independent of jet luminosity. Despite this general trend, the sources, even within each subsample, are diverse in their ε rad (see also Figure 3 in N12).
Whether there is a weak dependence of jet radiative efficiency on jet luminosity or kinetic power is worth further investigation. This is probably due to the combined effects of acceleration and emission of non-thermal parti- cles. For a given shock, the acceleration efficiency is affected by the shock strength, magnetic field, and the pre-existing non-thermal particles (e.g. Kang & Jones 2007) . Although the bulk Lorentz factor may not affect the efficiency for a given shock strength (Bykov & Treumann 2011) , jets with larger Lorentz factor may produce more and/or stronger internal shocks, which make the particle acceleration more efficient. However, the radiative efficiency of jets with larger bulk Lorentz factor may decrease to due to annihilation of high energy photons.
SUMMARY
In this Letter we extend the work of N12 by including observational data from low-luminosity systems, i.e., LLAGNs and BXBs in the hard/quiescent states. The kinetic power and luminosity of jets in these systems are determined through a spectral modeling method. With our new sample, the dynamical range in luminosity, from ∼ 10 31 erg s −1 to ∼ 10 52 erg s −1 , is now significantly enlarged. It is found that, despite the huge differences in the jets of BXBs, LLAGNs, blazars, and GRBs, they follow an universal correlation, with the slope of each subsample being p ≈ 1.03.
In order to understand the underlying physics of jets, further investigations of this correlation are obviously needed. In contrast to the extensive simultaneous multi-band observations of BXBs, the observations with detailed spectral modeling for the accretion-jet model are still very limited. Furthermore, some BXBs have undergone frequent outbursts covering a sufficiently large range of L jet . As simultaneous multiband observations keep accumulating, it may be possible for us to study this correlation for an individual BXB. With the lowest possible uncertainties (in distance, black hole mass, and black hole spin, etc.), such work should be unique. The influence of black hole spin on efficiency is another issue worth addressing. For the current sample of BXBs, the highest spin is 0.7 ± 0.1 for GRO 1655-40, which is not high enough to illustrate the role of spin. Moreover, it is unclear whether the jets in other systems like neutron stars, follow the same correlation.
